DNA methylation is crucial for a wide variety of biological processes, yet no technique suitable for the methylome analysis of DNA methylation at single-cell resolution is available. Here, we describe a methylome analysis technique that enables single-cell and single-base resolution DNA methylation analysis based on reduced representation bisulfite sequencing (scRRBS). The technique is highly sensitive and can detect the methylation status of up to 1.5 million CpG sites within the genome of an individual mouse embryonic stem cell (mESC). Moreover, we show that the technique can detect the methylation status of individual CpG sites in a haploid sperm cell in a digitized manner as either unmethylated or fully methylated. Furthermore, we show that the demethylation dynamics of maternal and paternal genomes after fertilization can be traced within the individual pronuclei of mouse zygotes. The demethylation process of the genic regions is faster than that of the intergenic regions in both male and female pronuclei. Our method paves the way for the exploration of the dynamic methylome landscapes of individual cells at single-base resolution during physiological processes such as embryonic development, or during pathological processes such as tumorigenesis.
Gene transcription is crucial for a cell to maintain its identity and physiological function and is regulated within individual cells. Epigenetic status is important in transcriptional regulation and is potentially heterogeneous even within a relatively homogeneous cell type due to the different cell subpopulations present ( Jaenisch and Bird 2003; Toyooka et al. 2008) . This is especially prominent in tumors in which both the genomes and epigenomes of the individual cells are heterogeneous (Rodriguez-Paredes and Esteller 2011; Marusyk et al. 2012) . Moreover, it is very difficult to obtain large numbers of cells for epigenome analysis in some circumstances, such as for mammalian early embryos (Smallwood et al. 2011; Tang et al. 2011a; Smith et al. 2012) . It is highly desirable to develop a single-cell epigenome analysis technique, ideally one that provides single-base resolution. As one of the most important epigenetic modifications, DNA methylation is critical for a wide variety of biological processes, including the regulation of genomic imprinting and X-chromosome inactivation, as well as the repression of transposable elements within the genome (Bird 2002; Lister et al. 2009; Hackett et al. 2012) . DNA is methylated at the carbon atom occupying the fifth position of the cytosine ring (5mC) and is catalyzed by the DNA cytosine methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b (Reik 2007) . DNA methylation is functionally important for mammalian development because both Dnmt1 and Dnmt3b knockout mice are embryonic lethal, whereas Dnmt3a mutant mice die within 1 mo after birth (Okano et al. 1999; Li 2002) . The reduced representation bisulfite sequencing (RRBS) technique has been developed to dissect the methylomes of mammalian cells (Meissner et al. 2005) . RRBS is based on the lack of even distribution for CpG sites within the mammalian genome; these sites tend to cluster together as CpG islands (CGIs) that are usually located near the promoter regions of annotated genes (Deaton and Bird 2011) . Thus, after cutting the genome into short fragments via a restriction enzyme that recognizes CpG and its flanking sequences, a majority of the CGIs will be recovered and sequenced with high coverage even with relatively low numbers of total sequencing reads. RRBS has been shown to be effective for as few as 60 mouse early embryonic cells Smallwood and Kelsey 2012) and has led to significant findings regarding global demethylation and remethylation processes during the early cleavage and post-implantation stages of mouse embryonic development, respectively . Recently, a method for the epigenetic analysis of histone modifications for an individual locus at single-cell resolution has been developed (Gomez et al. 2013 ). However, single-cell epigenome analysis at whole-genome scale has never been achieved.
We report the development of a single-cell methylome analysis technique based on RRBS (scRRBS) and demonstrate its effective use for mouse embryonic stem cells (mESCs), sperm, and oocytes, as well as for male and female pronuclei of the zygotes. We were able to recover 0.5 to 1.5 million CpG sites from a single mESC, and the methylation levels for all analyzed genomic regions were comparable to those obtained from bulk mESCs (Table 1;  Supplemental Table 1 ). Furthermore, we show for the first time that the methylome of the first polar body is comparable with that of the metaphase II oocyte within the same gamete. Finally, we used our method to prove that the demethylation process of the male pronucleus occurs more quickly than that of the female pronucleus in the same zygote.
Results

Characterization of the single-cell RRBS methylome analysis technique
To improve the suitability of the RRBS method for single-cell analysis, we reasoned that one of the primary obstacles to success was the massive loss of DNA during multiple purification steps. Thus, we thoroughly modified the original protocol (Smith et al. 2009; Gu et al. 2011a ) and integrated all of the experimental processes in a single-tube reaction without including any purification steps prior to the bisulfite conversion process. That is, all of the following steps were completed within the same reaction tube: the lysis of an individual cell; the release of naked, double-stranded genomic DNA; adding a spike-in of lambda DNA; digestion of the genomic DNA using a restriction enzyme; the end-repair and dAtailing of the DNA fragments; ligation of the adaptors to the DNA fragments; and the bisulfite conversion of the ligated DNA. After this procedure, the converted DNA was purified using Zymo spin columns with 10 ng tRNA as a carrier. The purified DNA was then enriched via two rounds of PCR amplification and subjected to deep sequencing (for details, see Methods) ( Fig. 1) .
Whether the conversion rate for the trace amounts of DNA obtained from a single cell after being treated with bisulfite is comparable to that of bulk DNA had not previously been determined. By spiking trace amounts of unmethylated lambda DNA into the single-cell samples, we determined that the conversion rate resulting from bisulfite treatment is 99.2% on average (ranging from 97.7% to 99.9%), indicating that the DNA from each single cell was converted highly efficiently under our bisulfite treatment condition (Table 1; Supplemental Table 1) .
We then determined how many CpG sites could be recovered using our scRRBS approach. We analyzed eight individual mESCs and determined the presence of 496,715 to 1,535,234 CpG sites in each cell (Table 1) . That is, our approach recovered on average 1.02 million (40%) of the total 2.5 million CpG sites that could be detected using RRBS with bulk cells (Supplemental Table 2 ; Smith et al. 2012) . As expected, when we merged the RRBS data for individual cells together, additional CpG sites were recovered (e.g., 1.53 million CpG sites were recovered by merging eight individual mESCs) ( Fig. 2A) . Similarly, if we merged the scRRBS data of five single sperm cells together, we were able to capture 0.73 million CpG sites (Supplemental Fig. 2 ; also see below). Moreover, our method is also applicable to small numbers of cells rather than individual cells. We showed that using 20 mESCs as the starting material, our method could detect 63% (1.52 million) of the CpG sites that are recovered using RRBS with bulk mESCs ( Fig. 2A ; Supplemental Table 3) .
We then determined the accuracy of our method and compared the data obtained using individual mESCs with that obtained using bulk mESCs, and found that the correlation coefficient was reasonably high (R = 0.77 on average) when comparing the CpG sites recovered using both methods ( Fig. 2B ; Supplemental Fig. 3 ). Moreover, when we merged the single-cell RRBS data from all eight individual mESCs, the correlation coefficient between the merged single-cell data and the data from the bulk mESCs obtained was 0.90 (Supplemental Fig. 1 ). Furthermore, unsupervised hierarchical clustering analysis showed that the methylomes of individual mESCs clearly clustered together with those of bulk mESCs but remained separate from those of oocytes, sperm, and male and female pronuclei ( Fig. 2B ; also see below). Figure 2C and Supplemental Figure 3 show several loci that are representative of the methylation status of the individual and bulk mESCs. Furthermore, the methylation levels measured for specific genomic regions of individual mESCs are similar to those of bulk mESCs ( Fig. 2D; Supplemental Fig. 4 ). These results indicate that our method can be used to accurately analyze the global DNA methylation status within individual cells. We then sought to determine whether the method is robust by comparing the methylome of different individual mESCs; the resulting correlation coefficient was reasonably high among individual mESCs (R = 0.67 on average), verifying that our method was clearly reproducible (Fig. 2B) .
We then sought to determine whether the scRRBS method enables us to obtain the absolute methylation status of a CpG site. In theory, our method should only detect a CpG locus as either fully methylated (100%) or unmethylated (0%) but not as an intermediate methylation value (e.g., 30% methylation) in a haploid cell such as sperm, as can be detected in bulk analysis due to the heterogeneity within the cell population. To investigate this aspect, we applied our method to single sperm cells. We found that 88%-94% of the CpG sites detected using our method within an individual sperm cell are either fully methylated (100%) or Fig. 5 ), indicating that our method is accurate and digitized. By applying the same strategy, we found that 84%-90% of the CpG sites are either fully methylated or unmethylated in single mESCs (Supplemental Fig. 6 ). Figure 3B and Supplemental Figure 5 show several loci that are representative of the methylation status in individual sperm cells and bulk sperm. To verify this result using an independent approach, we analyzed one fully methylated locus and one unmethylated locus in single sperm cells and validated their methylation status via methylation-sensitive restriction digestion coupled with nested PCR within individual sperm cells. We found that the methylated locus can be digested using MspI (methylation-insensitive restriction enzyme) but not by HpaII (methylation-sensitive restriction enzyme), whereas the unmethylated locus can be digested by both enzymes (Fig. 3C ). This indicates that the methylation status obtained using scRRBS is accurate and can be verified using an independent approach within individual cells.
Applying the analysis to male and female pronuclei
After fertilization, the maternal and paternal genomes of the zygote underwent different types of global demethylation; the Figure 1 . A schematic of the single-cell RRBS (scRRBS) technique. Note the completion of all of the following steps within the same reaction tube: lysis of an individual cell, release of the naked double-stranded genomic DNA, spiking with lambda DNA, digestion of the genomic DNA using a restriction enzyme, end-repair and dA-tailing of the DNA fragments, ligation of the adaptors to the DNA fragments, and bisulfite conversion of the ligated DNA.
former was passively demethylated during DNA replication, whereas the latter was primarily actively demethylated by TET3 oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) Okada et al. 2010; Gu et al. 2011b; Wossidlo et al. 2011; Hackett et al. 2013 ). However, this biological process has not been investigated at the single-cell level on a genome-wide scale. We addressed this issue by applying our scRRBS method to individual female and male pronuclei isolated from the same zygotes. First, we sought to determine whether the methylomes of the first polar bodies were similar to those of the metaphase II oocytes; in previous studies, the methylomes of the polar bodies were never analyzed separately from those of the metaphase II oocytes. We compared the first polar body and the metaphase II oocyte within the same female gamete and found that their methylomes were very similar and clustered together in the unsupervised hierarchical clustering analysis (Fig. 2B ). Furthermore, when we analyzed DNA methylation for different genomic regions, we found that the methylation levels of specific genomic regions, such as the intragenic or intergenic regions measured in the first polar bodies, were comparable to those measured in metaphase II oocytes (Fig. 4A ). We then chose zygotes at different pronucleus stages and performed single-cell RRBS analyses separately for both the male and female pronuclei. The female pronuclei were derived from metaphase II oocytes, whereas the male pronuclei were derived from sperm. Unsupervised hierarchical clustering analysis showed that all of the female pronuclei clustered properly with metaphase II oocytes, whereas all of the male pronuclei clustered together with sperm (Fig. 2B ). This shows that our scRRBS analysis can be used to clearly determine the methylome of individual female and male pronuclei. Furthermore, we found that during zygotic development, the methylation levels of the pronuclei decreased significantly as they became closer to each other (Fig. 4B,C) . More importantly, the demethylation of the male pronuclei was more dramatic than that of the female pronuclei, which is consistent with previous immunostaining results and bisulfite sequencing results of several individual loci that showed faster demethylation of male pronuclei than female pronuclei (Oswald et al. 2000; Santos et al. 2002; Farthing et al. 2008; Iqbal et al. 2011; Inoue et al. 2012) . This is also consistent with the fact that both the male and female pronuclei passively demethylated their genomes by dilution due to DNA replication during the pronucleus stages, whereas the male pronuclei also underwent active global demethylation via TET3 at the same time (Ferreira and Carmo-Fonseca 1997; Gu et al. 2011b) .
Finally, we sought to determine whether the demethylation process was synchronized in the genome or whether some genomic regions would demethylate faster than other regions. We found that during the development of the zygotes through the pronucleus stages, the methylation levels of the genic regions decreased faster than those of the intergenic regions in both the female (from 20% to 15%) and male pronuclei (from 21% to 10%) ( Fig. 5A ; Supplemental Table 4 ). This is consistent with the possi- Single-cell methylome assay of mouse early embryos Genome Research 5 www.genome.org bility that the genic regions were replicated earlier during the replication of the maternal and paternal genomes and were therefore passively demethylated earlier than the intergenic regions (Ferreira and Carmo-Fonseca 1997; Iqbal et al. 2011) . Several representative loci indicating significant demethylation of the male pronuclei are shown in Figure 5B and Supplemental Figure 7 . For the repeat elements in the male pronucleus, the methylation levels of the short interspersed nuclear elements (SINEs) decreased more quickly, from 60% in sperm to 35% in the late pronucleus stage; in contrast, the methylation levels of the long interspersed nuclear elements (LINEs) decreased more slowly, from 81% to 67% ( Fig. 5C ; Supplemental Table 4 ). This indicates that during the demethylation process of repeat elements in the paternal genome, SINEs were demethylated faster than LINEs and long terminal repeats (LTRs) (Xu et al. 2011) . During the pronucleus stages, highdensity CpG promoters (HCP), intermediate-density CpG promoters (ICP), and low-density CpG promoters (LCP) do not experience significant demethylation in either male or female pronuclei (Supplemental Fig. 8) . The results clearly show that our scRRBS method can be used to trace the methylome of mammalian cells with single-cell and single-base resolution.
Discussion
Single-cell genomics is crucial to understanding the gene regulation networks within individual cells, which are the fundamental biological units of organisms. We and others developed singlecell RNA-seq transcriptome analysis techniques several years ago that enable gene expression dynamics to be analyzed within an individual cell (Kurimoto et al. 2006; Tang et al. 2009 Tang et al. , 2011b .
Recently, single-cell genome sequencing techniques have also been developed that enable researchers to analyze the heterogeneity of single-cell genomes (Kalisky and Quake 2011; Navin et al. 2011; Zong et al. 2012) . Here, we report the development of a single-cell methylome analysis technique based on RRBS that enables us to dissect the complexity of the methylomes within an individual cell. To our knowledge, this represents the development of the first single-cell epigenome analysis technique. Our single-cell RRBS technique can be directly applied either to a single cell or to a pool of a small number of cells. Both strategies have advantages and disadvantages. The RRBS of a single cell is a digitized method that can exclude the effect of the heterogeneity of a population of cells. However, the coverage of this method is relatively low, and the cost for sequencing all of the libraries of these single cells is relatively high. On the other hand, the RRBS of a pool of a few cells is not a digitized method, and the unknown heterogeneity of a population of cells will obscure the interpretation of the methylation status of these loci within individual cells. However, the RRBS of a pool of a few cells has relatively high coverage, and the sequencing cost is relatively low because only one or two sequencing libraries in the population need to be sequenced.
Our scRRBS method has several advantages. First, we spiked trace amounts of unmethylated lambda DNA into the samples to accurately measure the bisulfite conversion rate for each single-cell sample. This enabled us to maintain a very low percentage (<0.8%) of false-positive determinations of DNA methylation due to the non-conversion of unmethylated cytosines that were perceived falsely as methylated cytosines. Second, our method is highly sensitive and can detect 40% of the CpG sites from a single cell compared with RRBS using bulk cells (Supplemental Table 2 ). Third, our method has intrinsic controls with a cytosine called as fully methylated, unmethylated, or undetected. This is crucial for single-cell epigenome analysis; if we can only call a cytosine as methylated but cannot discriminate unmethylated cytosines from undetected cytosines due to sample losses, a very high rate of false negatives will appear in the assay. This is especially relevant for techniques based on ChIP-seq. For accurate measurements to be obtained using a single-cell ChIP-seq technique, the method must be able to discriminate between the histone marks of the unmodified status and the undetected status due to sample losses. Fourth, our method is flexible and permits both single-cell methylome analysis and the pooling of a small amount of cells to obtain measurements for the population as a whole. Fifth, our method is based on the RRBS technique, which can strongly enrich CpG-dense sites in the genome; thus, a relatively low number of sequence reads is required to detect these target CpG sites at high coverage (Gu et al. 2010 (Gu et al. , 2011a . This makes it feasible to sequence the methylomes of hundreds or even thousands of single-cell samples. Sixth, our method performs a digital count of the methylation status of the CpG sites within a single cell. For the haploid sperm cells, we determined that 91.6% of all detected CpG sites were either unmethylated or fully methylated (Fig. 3A) . For the diploid mESCs, the unmethylated or fully methylated CpG sites accounted for 86.9% of all detected loci (Supplemental Figure 6) . One possible explanation for this finding is that ;4.7% of the CpG sites within a single mESC are likely to be present as one unmethylated allele together with one fully methylated allele. This phenomenon deserves further study.
Our method has limitations. Because it is based on the RRBS technique, it can detect 10% of the CpG sites in the entire genome at most, leaving 90% of the CpG sites as intractable (Gu et al. 2010 (Gu et al. , 2011a . By combining all of the steps prior to PCR amplification into a one-tube reaction, we maximally reduce the sample losses arising from the use of multiple purification steps. However, the dramatic DNA degradation that occurs during bisulfite conversion (another major potential hurdle to single-cell RRBS) remains unresolved. In the future, additional strategies are needed to overcome this problem and to further improve the coverage of singlecell methylome analysis techniques. Moreover, when 20 mESCs were pooled together, we recovered only 63% of the CpG sites Figure 5 . The demethylation patterns in various genomic regions in male and female pronuclei during zygotic development. (A) DNA methylation dynamics of male and female pronuclei in intragenic and intergenic regions. The methylation levels in the male (red line) and female (blue line) pronuclei decreased, whereas the demethylation in the male pronuclei was more dramatic than that in the female pronuclei. (B) The methylation profile of a representative Meox2 locus on chromosome 12 in the male pronuclei. The upward blue bars in the left panel represent fully methylated CpG sites, whereas the downward red bars represent unmethylated CpG sites. The green bar in the panel on the right shows the average methylation levels of the CpG sites in this region. (C ) DNA methylation dynamics of male and female pronuclei in repeat regions. The left, middle, and right panels display the methylation levels of male and female pronuclei in the SINE, LINE, and LTR regions, respectively. Red and blue lines indicate male and female pronuclei, respectively. compared with those recovered using RRBS with bulk mESCs (Fig. 2A) . It is possible that some CpG sites are more difficult for our scRRBS technique to detect. It is also possible that bias existed from cell to cell when a small number of cells were pooled together for RRBS using our method. Second, we cannot discriminate between 5mC and 5hmC using bisulfite sequencing alone (Wossidlo et al. 2011; Bock 2012) , although in the majority of somatic cell types, the frequency of 5hmC modifications is significantly lower than that of 5mC (Wu and Zhang 2011) . In the future, it may be possible to combine our single-cell RRBS method with the TAB-seq or oxBS-seq technique to develop a method that can detect single-cell hydroxymethylomes (Booth et al. 2012; Yu et al. 2012) . Third, the RRBS technique provides relatively poor coverage for imprinting loci in general. Thus, our scRRBS method cannot clearly identify the imprinting status of these loci within an individual cell. To our knowledge, no DNA methylation assay for even just an individual imprinting locus within an individual cell is currently available.
Methods
Isolation of zygotes, oocytes, and sperm
Four-to five-week-old female C57BL/6N-strain mice were injected initially with 5 IU PMSG (Sigma), followed by 5 IU hCG (Sigma) 45 h later to super-ovulate the mature oocytes. These super-ovulated mice were either euthanized to collect oocytes or mated with 129S2/Sv male mice to obtain male and female pronuclei from the zygotes. The metaphase II oocytes were collected from the oviduct ampulla, and the naked oocytes and polar bodies were obtained via treatment with acidic Tyrode's solution (Sigma) to remove the zona pellucida. The spermatozoa were obtained from the caudal epididymides of adult 129S2/Sv male mice. Only spermatozoa that swam up in HTF medium (Quinn's Advantage) with vigorous motility were collected for further RRBS library constructions. All isolated cells were washed several times in 0.1% PBS-BSA solution to avoid any possible somatic contaminants. Pronuclei at different stages were collected from the zygotes precisely via a daily vaginal plug check. The zygotes were obtained by treating with hyaluronidase (Sigma) to remove any attached cumulus cells. After staining with 5 mg/mL Hoechst 33342 (Invitrogen) for 10 min, visible pronuclei were isolated by applying a Piezo Micromanipulator (PrimeTech)-assisted biopsy (Supplemental Fig. 9 ). Male and female pronuclei were distinguished based on their relative distances to the polar bodies.
Culture of mESCs
The mESCs were maintained without feeders on gelatinized dishes in the presence of 1000 units/mL leukemia inhibitory factor (LIF; Millipore) in Dulbecco's modified eagle's medium (DMEM/F-12; GIBCO) supplemented with 20% fetal calf serum (FCS; GIBCO) for routine passage without any modifications, as previously described (Bao et al. 2009 ).
Construction of single-cell RRBS sequencing libraries
Single cells were transferred into 5 mL of lysis buffer (20 mM Tris-EDTA [pH 8.0], 20 mM KCl, and 0.3% Triton X-100) using a mouth pipette, 1 mg/mL protease (Qiagen) was added, and 60 fg unmethylated lambda DNA (Fermentas) was then spiked in. The cells were then lysed for 3 h at 50°C and then heat-inactivated for 30 min at 75°C. The released naked DNA was then incubated with 9 units MspI (Fermentas) in an 18 mL reaction for 3 h at 37°C; this enzyme specifically recognizes and cuts unique DNA sequences (C^CGG). The digested DNA was then filled-in and tailed with an extra A to the 39 blunted ends in a 20 mL reaction in the presence of 5 units of Klenow fragment (exo-; Fermentas), supplemented with 1 mM dATP (New England Biolabs), 0.1 mM dGTP (New England Biolabs), and 0.1 mM dCTP (New England Biolabs). Illumina standard premethylated indexed adaptors were then ligated with the dA-tailed DNA fragments in the presence of 30 units of highly concentrated T4 DNA ligase (Fermentas) in a 25 mL reaction. Bisulfite conversion was performed in a 150 mL reaction using the MethyCode bisulfite conversion kit (Invitrogen) following the manufacturer's standard protocol: First, we denatured the double-stranded DNA for 10 min at 98°C; then we incubated the reaction for 2.5 h at 64°C to ensure full bisulfite conversion. All of these steps were performed in a PCR thermocycler. After this step, the converted DNA was subjected to on-column desulfonation and purified using Zymo-Spin columns (Zymo) with 10 ng tRNA (Roche) as a carrier; the DNA was finally eluted in 30 mL of elution buffer. The purified DNA was then subjected to two rounds of amplification in 50 mL reactions using 1 unit of uracil stallingfree PfuTurbo Cx polymerase (Stratagene) in the first round of PCR and 1 unit of Phusion high-fidelity DNA polymerase (New England Biolabs) in the second round of PCR. The conditions for the first round of PCR were as follows: 2 min at 95°C, followed by 25 cycles of 20 sec at 95°C, 30 sec at 60°C, and 1 min at 72°C. The conditions for the second round of PCR were as follows: 2 min at 98°C, followed by 22 cycles of 10 sec at 98°C, 30 sec at 60°C, and 1 min at 72°C. After PCR enrichment, DNA fragments between 200 and 500 bp were size-selected and recovered after resolving on a 12% native polyacrylamide TBE gel. The final libraries were assessed using Fragment Analyzer (Advanced Analytical Technologies) to check size distributions (Supplemental Fig. 10 ) and quantified using a standard curve-based qPCR assay (Agilent). To exclude the possibility of significant contamination of the scRRBS, we performed negative controls by omitting the single cell during the cell-picking step. That is, we only transferred the carryover buffer into the lysis buffer and performed all of the following steps in the same way as for the scRRBS samples. Three samples of negative controls were used and prepared as sequencing libraries, and these were sequenced at a depth comparable to that of the singlecell samples. We mapped the data to the mouse genome using the same parameters as the single-cell samples and found that the contamination in these negative control samples was negligible (Supplemental Fig. 11 ). This rigorously proved that our scRRBS method is generally free of contamination. The final quality-ensured libraries were used for pair-ended deep sequencing on an Illumina HiSeq2000 Sequencer, and all clusters that passed the filter were converted into FASTQ files using a standard Illumina pipeline. When starting with bulk cells, we constructed bulk-cell RRBS libraries according to previously published protocols (Gu et al. 2011a ).
Single-cell methylation-sensitive digestion coupled with nested PCR Spermatozoa were isolated from the caudal epididymides of adult 129S2/Sv male mice, and single sperm cells were picked and lysed in 5 mL of lysis buffer (the same as for scRRBS) and then treated with 9 units of MspI (Fermentas) or 9 units of HpaII (Fermentas) in an 18 mL reaction volume for 3 h at 37°C, respectively. The samples were then subjected to nested PCR without purification. The conditions for the first round of PCR were as follows: 5 min at 94°C followed by 30 cycles of 30 sec at 94°C, 30 sec at 55°C, and 45 sec at 72°C in 100 mL reaction volumes. One microliter of the first-round PCR product was then used as a template for a 20 mL second-round PCR. The conditions for the second round of PCR were as follows: 5 min at 94°C followed by 30 cycles of 30 sec at 94°C, 30 sec at 60°C, and 45 sec at 72°C. The final PCR products were visualized on a 1.5% agarose gel (Fig. 3C) . For a positive control, we used 1 ng of bulk sperm genomic DNA as the template for one round of PCR amplification (the PCR conditions were the same as those used for the second round of the single-cell sample PCR). The primers used for the nested PCR are listed in Supplemental Table 5 .
Data processing
First, the raw pair-end FASTQ reads were trimmed to remove the adapter sequences and low-quality bases. The remaining truncated reads were then aligned to the mm9 mouse reference genome (downloaded from the UCSC Genome Browser) using the Bismark tool (http://www.bioinformatics.bbsrc.ac.uk/projects/bismark/) with the default parameters and applying a customized pairwise alignment Perl script (Supplemental Table 6 ). The 48,502-bp lambda DNA genome was built as an extra reference to calculate the bisulfite conversion rate. When we estimated the CpG coverage in the merged groups of two to eight ESCs, we simply added the CpG sites only if these CpG sites were captured at least once in any one of these single cells. However, when the methylation level of the merged eight single cells was computed, only CpG sites that were covered in at least six singlecell samples with no less than 33 coverage in each single cell were considered. The subsequent statistical computing and graphics were performed with customized Perl scripts and R packages (http://www.r-project.org/).
Annotation of genomic regions
High-density CpG promoter (HCP), intermediate-density CpG promoter (ICP), and low-density CpG promoter (LCP) annotations were all taken from the reference by Mikkelsen et al. (2007) without any modifications. In detail, three promoter types were defined based on the transcription start sites (TSS) of known RefSeq genes. In detail, HCP, which indicated the ''CpG-rich'' promoters, was identified as having a GC density $0.55 and the observed to expected CpG ratio (CpG O/E) $ 0.6; promoters with CpG O/E # 0.4 were classified as LCP; the remaining nonoverlapping promoter populations (0.4 < CpG O/E < 0.6) were classified as ICP. The annotated repeat elements such as LINEs, SINEs, and LTRs were downloaded directly from the RepeatMasker track of the UCSC Genome Browser. Other regions such as CGIs, exons, and introns were downloaded from the UCSC Genome Browser. Intragenic regions were included from the TSS to the transcription termination sites (TTS), whereas the intergenic regions were defined as the complement of the intragenic regions.
Calculation of CpG site methylation levels
The methylation level of each single CpG site was estimated as the number of reported Cs (methylated) divided by the total number of reported Cs (methylated) or Ts (unmethylated) at the same position of the reference genome. For the single-cell data, we only selected CpG sites that were covered by no less than three reads in depth for the subsequent analysis, regardless of the amplification bias and errors introduced in the preparation of the libraries or high-throughput sequencing workflow. Theoretically, every covered CpG site in our single-cell RRBS method should be defined digitally as either fully methylated (100%) or unmethylated (0%), respectively. Considering the potential amplification and sequencing errors, the methylation level of $90% or #10% CpG sites was reassigned as fully methylated (100%) or unmethylated (0%), respectively. CpG sites with methylation levels ranging from 10% to 90% were discarded in the subsequent analysis. The methylation level of the sampled single cell was further described as the proportion of fully methylated CpG sites to the total CpG sites that we covered. Regarding the other RRBS data sets (using more than two cells or bulk cells as starting materials; for example, the pooled groups of five, 10, and 20 ESCs or bulk ESCs), the following cutoffs were applied: CpG sites with less than 10-fold coverage were discarded, and the remaining informative CpG sites were retained for further analysis.
Calculation of the methylation levels of the annotated genomic regions
The methylation level of each annotated genomic region in each sample was measured as the sum of the methylation level of every CpG site divided by the total number of the CpG sites that we covered in the given region. CpG sites with less than 33 coverage in the single-cell RRBS data set or less than 103 coverage in the pooled groups of five, 10, and 20 ESCs or bulk ESCs RRBS data sets were discarded.
Data reproducibility
To estimate the reproducibility of our method, the Pearson correlation coefficients for all of the samples were computed using the R command ''cor'' with ''pairwise.complete.obs'' as the value of the parameter ''use.'' An unsupervised hierarchical clustering analysis was performed using the ''hclust'' function in R software and was further integrated with a customized correlation heatmap (Fig. 2B ).
5mC and 5hmC immunostaining
Zygotes collected from the mouse oviduct ampulla were fixed with 4% paraformaldehyde (Sigma) for 15 min at room temperature and washed three times in PBST, followed by permeabilization with 0.5% Triton X-100 (Sigma) for 15 min. The DNA was then denatured with 4 M HCl for 10 min and neutralized with 100 mM Tris-HCl (pH 8.5) for 15 min at room temperature. The zygotes were then blocked with 0.1% PBS-BSA (Sigma) overnight at 4°C and incubated with anti-5mc antibody (1/200, BIMECY-0500; Eurogentec) or anti-5-hmC antibody (1/500, 39769; Active Motif) for 1 h at 37°C. After washing in PBST three times, the zygotes were incubated with Alexa Fluor 568 goat anti-mouse IgG (1/500, A-11004; Invitrogen) or donkey anti-rabbit IgG-FITC (1/100, sc-2012; Santa Cruz) for 1 h at 37°C. Finally, the zygotes were mounted with 5 mg/mL DAPI (Sigma), and fluorescence was detected under an inverted fluorescence microscope (Nikon) using an EM-CCD camera. All images were acquired and analyzed using NIS-Elements BR Microscope Imaging Software (Nikon) (Supplemental Fig. 9B ).
Data access
All sequencing data have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE47343.
